We investigate scattering between a photino and a nucleus accompanied by direct photon emission. We nd that, as in the case of nuclear excitation with delayed gamma emission, the cross sections are too small for practical applications. We also look at the interactions between high energy cosmic radiation and photinos in the halo. Lastly we examine the possibility of detection of collisions between high energy electrons and dark matter photinos in electron accelerators.
Recently, much e ort has been spent both theoretically and experimentally to devise schemes for detecting hypothetical supersymmetric dark matter particles (for a review, see 1]). The main proposed methods involve either direct detection in the laboratory by the use of ultrasensitive cryogenic detectors (see 2]), or indirect detection of high energy particles produced in annihilations in the galactic halo 3], or in the Sun or Earth 4] . Rates from annihilations tend to be too small to be measurable in existing detectors, and although some experiments for direct detection have reached impressive levels of sensitivity (e.g., 5]), there is still a long way to go to get down to the level of only a fraction of an event per kilogram of detector material per day. This low event rate is what is expected from the lightest supersymmetric particle (LSP or neutralino) 6] now that collider data constrain supersymmetric partners to quarks and gluons to be heavier than around 150 GeV 7] . At these low event rates it is extremely di cult to keep the detector noise and backgrounds low enough.
It was noticed already by Goodman and Witten 8] and worked out in detail by Ellis, Flores and Lewin 9] that a very e cient way of keeping the background low would be to detect the nuclear recoil in coincidence with a 10 -100 keV photon emitted within a nanosecond from an excited nuclear state. Unfortunately, however, the rates turned out to be discouragingly small 9] . Since the neutralino is a Majorana particle the scattering amplitude is spin-dependent and incoherent. Moreover, the neutralino-nucleon e ective coupling is given by exchange of (heavy) squarks, which in addition to small inelastic nuclear wave function overlap factors, explains the smallness of the result.
Besides through nuclear deexcitation, direct production of photons in association with neutralino-nucleus scattering is also possible. It is the purpose of this work to investigate this possibility. As we will see, however, also in this case the rates seem to be prohibitively small for any practical use. The calculation is, however, quite general and may have other applications which is why we still choose to present our study in some detail.
We will consider only processes involving the photino,~ . Even if the LSP is a mixture as is generally believed (e.g. 10]) our investigations are appropriate for the part of it being a photino. Our results for photon bremsstrahlung do not depend on this restriction, whereas our other results do.
A priori, there is a class of contributions to~ (p a )+A(p b ) !~ (p 1 )+A(p 2 )+ (k 1 ) that would seem to be dominant. It is shown in Fig. 1 and originates from the loop-induced~ ~ coupling that may give rise to narrow gammaray lines in neutralino annihilation in the galactic halo 11]. The interesting feature of this diagram is that it gives a coherent contribution to neutralinonucleon scattering, meaning that a factor Z 2 may be gained if a heavy target nucleus of charge Z is used. Moreover, the most important contribution is from an electron loop meaning that the slepton mass rather than the squark mass enters to the inverse fourth power in the cross section. Since many models predict the squark mass to be around a factor of three larger than than the slepton mass 12] this together with the coherence factors partly makes up for the higher order of this diagram compared to lowest order neutralinonucleon scattering. As our calculations will show, however, there are other dynamical and kinematical suppression factors appearing that will reduce the importance of this process. Another contribution to~ +A !~ +A+ is of course provided by ordinary bremsstrahlung, which we will also treat for completeness. Finally, we will calculate some related processes initiated by high energy gamma rays and high energy leptons scattering on the ambient halo particles.
When determining the amplitude shown in Fig. 1 , we use the pointlike limit of the~ ~ e + e ? coupling meaning that the box diagram is reduced to a triangle diagram with an axial times axial coupling at the neutralino vertex. This is an excellent approximation when all external invariants are smaller than the selectron mass (see 13] (1) wherel =~ 5~ is the neutralino current, k 1 ; k 2 ; 1 ; 2 are four-momenta and polarization vectors of the two photons (k 2 1 = 0), and the I ij are parametric integrals de ned by Rosenberg 14] . By using techniques described in 15], we have actually been able to solve the integrals analytically. We nd x < 0.
Although these are generally valid expressions, it is convenient in the numer- ; (8) I 0 ?I 11 ;
(9) with x = m 2 e =k 2 2 . It is to be noted that in the scattering channel considered here, all the integrals are real. The total matrix element squared, summed and averaged over spins, is given by
where Z is the nuclear charge, F(k 2 2 ) is the nuclear electromagnetic form factor, Q f (=1 here) the charge of the fermion in the loop, f m is the sfermion mass, and jT j 2 The integration over the four-dimensional phase-space has to be performed numerically. The cross sections as a function of incident neutralino velocity is displayed in Fig. 2 , where we have put m~ = 40 GeV, f m = 50 GeV, Z = 92, and m A = 223 GeV (these values are appropriate for Uranium). As can be seen, the cross section at low incident velocities grows approximately like v 4 . We note that galactic neutralinos move with typical velocities v 10 ?3 . In Fig. 3 we give the di erential photon spectrum as a function of photon energy for v = 10 ?3 . An attractive feature is that the photon distribution is peaked at the highest energies kinematically possible. However, from Fig. 2 we see that the rates are hopelessly small for these small incident velocities. In fact, since the velocities involved are so small, it is su cient to treat the whole scattering process non-relativistically. A heavy nucleus may also be treated as a static source for the electromagnetic eld. In this case we get a much more transparent expression which, moreover, explains the reason for the smallness of and the rise with v 4 of the result. 
>From this expression it can be seen that the large reduction factor is really the explicit factor of ! entering the amplitude according to Eq. 12 (recall that ! m~ v 2 ). The origin of this factor can be understood as follows: The process considered is induced by a AV V triangle diagram. When the momentum of one of the photon vanishes, the diagram becomes a V-A transition which is parity violating (we are assuming degenerate left-and right-handed slepton masses). Hence, the diagram must go like ! when ! ! 0. This e ect is not present in ordinary bremsstrahlung, where on the contrary the matrix element is expected to go like 1=!. On the other hand, since a static charge does not radiate, one may there expect as a suppression factor of order v 2 out , where v out is the velocity of the outgoing nucleus. We now turn to this process.
Unlike the previously discussed radiative process, the bremsstrahlung process (where the photon is emitted from the nucleus) involves the ordinary neutralino -nucleus scattering vertex which is proportional to 1=m 2q . When assessing the importance of the bremsstrahlung process it is convenient to normalize to~ A !~ A. We can then write
The function f, and the corresponding exact di erential cross section are quite complicated. In Fig. 4 we show R (v) for v in the range 10 ?4 < v < 10 ?2 , and with a low-energy cut-o of 1 keV for the photon in the case of a 40 GeV neutralino scattering on 203 Tl 81 (one of the nuclei with the largest scattering cross section). The photon energy distribution is of the typical 1=! form expected from bremsstrahlung (which is unfavourable from the experimental point of view) and from Fig. 4 one sees that for typical galactic velocities v 10 ?3 , R 10 ?5 , which is much too small to improve on the experimental possibilities to detect direct neutralino scattering. We conclude our treatment by considering some related processes that involve high energy particle reactions on the hypothetical neutralino background present in our galactic halo. Since the neutralino coupling to ordinary matter is at most of weak interaction strength one expects these interactions to be very rare, and we will verify that this is indeed so.
Consider rst a high energy photon travelling through the ambient "sea" of neutralinos. Since the dark matter particles are electrically neutral there is no rst order interaction between the photon and the neutralino. Through the triangle diagram there appears an induced Compton-like process. Above the threshold for fermion pair production we also have the inelastic processes +~ !~ + f + f ? . (16)
In the high energy limit, this goes to the constant value ( +~ ! + ) = 9 4 m 2 =(8 f m 4 ), which, for m~ = 40 GeV, f m = 50 GeV is around 10 ?40 cm 2 , which is much too small to be of cosmological importance. Using the expression for the interaction length = 1=(n ), with n = DM =m~ , one nds that for DM = 0:4 GeV/cm 3 , has to be of the order of 10 ?21 cm 2 to get an interaction length of the dimensions of the halo R halo 10 kpc. Such large cross sections are of course only possible for resonance production, which we will treat later. We have calculated also the cross section for the pair production process +~ ! e + e ? +~ , but the cross section was found to be too small to be of any interest.
Somewhat larger rates are provided by the two-body reaction +~ ! where a factor of two has been included since sleptons of both chiralities may be produced. The sum of the total cross sections for each lepton kind (times 2 to account for the antiparticles) obtained by integrating this expression over t is displayed in Fig. 5 . As can be seen, cross sections of a few nanobarns are obtained soon after the energy threshold for the reaction. The cusp of the curve is due to the threshold of the process. Shown in Fig. 6 GeV, m~ = 40 GeV is of the order of 20 b. Unfortunately the width of the resonance is quite small, around 100 MeV. One may note that the peak cross section, for nearly degenerate photino and selectron, is independent of the mass; it only depends on the mass di erence. For example, for a mass di erence of 1 GeV, the cross section is at the millibarn level, which could have potential experimental signi cance. However, the width of the resonance is correspondingly smaller, making it di cult in practice to see any absorption line in the electron spectrum from this process.
At accelerators, this process could in principle be used to examine a curve in the (m; m~ ) space;m 2 = m 2 + 2m~ E in , where E in is the electron energy in the lab system and we neglect the motion of the photino. The signal is, however, not detectable in LEP and other present-day machines because the electron ux is much too low (for LEP it is 10 16 s ?1 ). With a photino density of 0:4 GeV=cm 3 (the assumed halo dark matter density) the rate R = F n~ would be 10 ?8 (m day) ?1 corresponding to one event over the whole LEP circumference over the LEP lifetime (we leave it to the reader to calculate the probability that this event takes place in one of the LEP detectors!). It is amusing to note that in the (unlikely) case that the mass di erence between the selectron and the photino is very small, one could in principle see this type of excitation at low-energy, high-intensity machines like the tau-charm factories presently under discussion. It is to be observed that for this type of experiment only the total electron current and energy is of importance, not the physical size of the beam. Maybe one could device a machine that gives a large enough current to make this idea more feasible in the future.
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